Abstract. CuZnSOD and MnSOD have been shown to exert tumour suppressive activities; however, their exact molecular mechanism is still unclear. We investigated the molecular mechanism underlying the tumour suppressive activities of CuZnSOD and MnSOD using multicellular tumour spheroid (MTS), an in vitro tumour model. Overexpression of CuZnSOD and MnSOD significantly suppressed the growth of A549 and MCF-7 MTS, supporting a critical role(s) of reactive oxygen species (ROS) in tumour growth. In solid tumours, ROS is produced by metabolic stress due to insufficient oxygen and glucose supply and induces necrosis that is known to promote tumour progression by releasing the proinflammatory cytokine HMGB1. We observed that CuZnSOD and MnSOD overexpression prevents metabolic stress-induced necrosis and HMGB1 release by inhibiting mitochondrial ROS and intracellular O 2 -production in response to glucose depletion in two dimensional cell culture. CuZnSOD and MnSOD overexpression also significantly repressed the occurrence of necrosis that was observed during MTS culture. In human tumour tissues including lung pulmonary adenocarcinoma, CuZnSOD and MnSOD expression was detected in the paranecrotic region that was identified by the expression of a hypoxic marker carbonic anhydrase (CA) IX. These results suggest that CuZnSOD and MnSOD may suppress tumour growth through inhibiting metabolic stress-induced necrosis and HMGB1 release via inhibiting metabolic stress-induced mitochondrial ROS production.
Introduction
Reactive oxygen species (ROS) such as O 2 -, H 2 O 2 and OH -are involved in a diverse of cell regulation and play an important role(s) in tumour development (1) (2) (3) (4) . While excess ROS levels are toxic to cancer cells, chronic ROS initiate malignant transformation either by causing mutagenic DNA alterations and oncogene activation and/or tumour suppressor gene inactivation, or by regulating oncogenic signaling pathways such as PTEN and modulating transcription factors such as HIF-1· (1-3). ROS could be produced by the mitochondrial electron transport chain, and by the action of enzymatic systems. Under normal conditions, they are maintained at low levels by several anti-oxidants enzymes including cytosolic CuZn superoxide dismutase (CuZnSOD), mitochondrial MnSOD, glutathione peroxidase (GPx), and catalase (CAT). Superoxide dismutases (SOD) catalyze the conversion of O 2 -to H 2 O 2 that is then detoxified to H 2 O by CAT and GPx. Impairment of the antioxidant system renders cells vulnerable to the effects of ROS, including DNA mutation and protein modifications which contribute to tumourigenesis (1) (2) (3) .
MnSOD and CuZnSOD have been demonstrated to function as tumour suppressors in many cancer cell lines (5) (6) (7) . For instance, overexpression of MnSOD protein inhibits growth in a wide variety of cancer types including human melanoma cells, SV40-transformed lung fibroblasts, glioma cells, pancreatic cancer cells, and androgen-independent prostate cancer cells (8) (9) (10) (11) (12) . It has been also shown that a reduction in MnSOD activity results in a much higher incidence of cancer (13) . In addition, overexpression of CuZnSOD decreases not only cell growth but also in vivo xenograft growth compared to controls (14, 15) . CuZnSOD deficiency is also reported to lead to persistent oxidative damage and hepatocarcinogenesis (16) . The levels of MnSOD and CuZnSOD are known to be low in tumour tissues when compared with normal tissues, supporting the role of MnSOD and CuZnSOD as tumour suppressors (6, 7) . Reduced expression of MnSOD is thought to be due to either mutations in the promoter of the gene and in the coding sequence, or hypermethylation of CpG islands in the promoter regions to silence gene expression (17) (18) (19) . Tumour suppressive activity of MnSOD has been demonstrated to be linked to its abilities to inhibit HIF-1 protein accumulation and VEGF expression (20, 21) and to upregulate maspin, one of the serpin family of protease inhibitors that function as a tumour-suppressor (22) .
However, the molecular mechanism underlying the tumour suppressive activities of CuZnSOD and MnSOD remains unclear.
When a solid tumour is growing, its center becomes distant from surrounding blood vessels leading to the appearance of hypoxic and glucose depleted (OGD) areas that are common features of solid tumours (23) (24) (25) . Cancer cells become adapted to these stresses, allowing them to survive and grow under OGD conditions, contributing to the malignant phenotype and to aggressive tumour progression; otherwise, they exhibit necrotic cell death to form the necrotic core. Necrosis is induced by ROS that is produced by metabolic stress due to insufficient oxygen and glucose supply. Unlike apoptosis where the cell content remains packed in the apoptotic bodies that are removed by marcrophages, and thereby inflammation does not occur, necrosis is characterized by the cell membrane rupture, and the release of cytosolic constituents including HMGB1 into the extracellular space causing a massive inflammatory response (26) (27) (28) . HMGB1 could act as a cytokine by signaling via the receptor for advanced glycated end-products (RAGE) and via members of the Toll-like receptor family, thereby initiating inflammatory responses. Recently, HMGB1 has been shown to promote tumour progression (29, 30) . In this study, we investigated the molecular mechanism underlying the tumour suppressive activities of CuZnSOD and MnSOD using multicellular tumour spheroid (MTS), an in vitro tumour model. Here we show that CuZnSOD and MnSOD may suppress the growth of A549 and MCF-7 MTS by inhibiting metabolic stress-induced necrosis and HMGB1 release via inhibiting metabolic stressinduced mitochondrial ROS production.
Materials and methods

Cell culture and glucose depletion (GD).
Human lung adenocarcinoma cell line A549 and breast cancer cell line MCF-7 were obtained from American Type Culture Collection and grown in RPMI-1640 media (Gibco BRL) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS, Gibco BRL) and 1% penicillin-streptomycin (PS, Gibco BRL) in a 37˚C humidified incubator with 5% CO 2 . For glucose depletion (GD), cells were gently rinsed twice with glucosefree RPMI-1640 and incubated in GD medium (glucose-free RPMI-1640 medium (Gibco BRL) containing 10% dialyzed and heat-inactivated FBS and 1% PS).
Multicellular tumour spheroid (MTS)
culture. A549 and MCF-7 cells were cultured to 80% confluence and seeded into 1.2% agarose-coated 96-well plates at a density of 4,000 cells and 400 cells per well, respectively, and cultured. Each well contained 200 μl of tissue culture medium, and the spheroids were fed every other day by carefully aspirating 100 μl of spent medium and replacing with the same quantity of fresh medium. To determine the MTS growth, diameters of spheroids were measured every day.
SDS-PAGE and Western blot analysis.
Sodium dodecyl sulfatepolyacrylamide gel electrophoresis on 12% gels and Western blotting with antibodies to CuZnSOD, MnSOD (Santa Cruz, CA), ERK1/2 (Cell Signaling, MA), ·-tubulin (Biogenex, CA), and HMGB1 (BD Pharmingen) was performed as described previously (31, 32) .
Measurement of intracellular ROS. To determine production of intracellular H 2 O 2 , O 2 -
, and mitochondrial ROS, the cells were loaded with 2,7-dichlorofluorescin diacetate (DCFH-DA, Molecular Probes, 50 μM), dihydroethidium (HE, Molecular Probes, 10 μM) or reduced form of MitoTracker Red CM-H 2 Xros (a mitochondrial specific probes that fluoresce upon oxidation, thereby is used to detect mitochondrial ROS, Molecular Probes, 50 nM) for 30 min under growth condition and then rinsed and soaked in phenol red-free RPMI. DCFH-DA and HE fluorescence was excited at 488 nm using an argon laser, and evoked emission was filtered with a 515-nm (DCFH-DA) or 515-605-nm (HE) band-pass filter and Mito Tracker Red CM-H 2 Xros was excited at 579 nm, and emitted at 599 nm and the cells were observed under a laser-scaning confocal microscope (LSM510, Carl Zeiss).
Hoechst 33342 (HO)/propidium iodide (PI) staining.
Cells were incubated either with 1 μg/ml HO and 5 μg/ml PI at 37˚C, 5% CO 2 for 15 min in the dark (31, 32) . Both floating and attached cells were collected by centrifugation of the medium and trypsinization, respectively. The pooled cell pellets were immediately fixed in 3.7% formaldehyde, washed with phosphate-buffered saline (PBS), resuspended, and a fraction of the suspension was centrifuged in a cytospinner (Thermo Shandon, Shandon Inc.). The slides were washed in PBS to remove excessive dye, air dried, mounted in FluroGard Antifade, and then examined under a fluorescence microscope (340/425 nm (HO), and 580/630 nm (PI) (DM5000, Leica, Germany).
HMGB1 release assay. Cell culture medium was collected at the indicated time points and cells and debris were removed by centrifugation at 2400 x g for 20 min at 4˚C and the supernatant was filtered through Centricon YM-100 (Millipore) to clear the samples from cell debris. Then, samples were concentrated 15-fold with Centricon YM-30 and analyzed by Western blotting with antibody to polyclonal anti-HMGB1 antibodies (BD Pharmingen).
CuZnSOD and MnSOD transfection. The gene encoding for MnSOD was amplified from genomic DNA by the polymerase chain reaction (PCR) with a specific primer set and cloned into the eukaryotic expression vector pcDNA3.1 (Invitrogen). pEGFP-CuZnSOD (provided by B.J. Pak, Pusan National University) was constructed by inserting the CuZnSOD open reading frame into plasmid pEGFP (Clontech, Mountain View, CA). Plasmids pcDNA3.1-MnSOD and pEGFP-CuZnSOD were transfected to A549 cells using lipofectamine 2000 (Gibco BRL) and selected with geneticin (G418, Gibco BRL) according to the manufacturer's instructions.
Immunohistochemistry. Immunohistochemistry (IHC) was performed on 4-μm sections of formalin-fixed, paraffinembedded tissues. Sections were deparaffinized in xylene and graded alcohol. Antigen retrieval was performed by autoclaving for 15 min. After incubation with blocking solution for 30 min, sections were incubated with antibodies to CuZnSOD, MnSOD (Santa Cruz), and phospho-ERK2 (Cell Signaling) for 1 h, and biotinylated secondary antibody for 20 min and then with streptavidin horseradish peroxidase (HRP) for 10 min. Staining was carried out with diaminobenzidine (DAB) chromogen and counterstaining with hematoxylin.
Results and Discusion
CuZnSOD and MnSOD suppress multicellular tumour spheroid (MTS) growth. CuZnSOD and MnSOD have been shown to exert tumour suppressive activities; however, their exact molecular mechanism remains unclear. We examined the effects of CuZnSOD and MnSOD overexpression on the tumour cell growth using MTS, an in vitro model of solid tumours (33, 34) . For this purpose, we used breast cancer cell line MCF-7 and human lung adenocarcinoma cell line A549. MCF-7 and A549 cells were seeded into 1.2% agarose-coated 96-well plates at a density of 400 cells and 4,000 cells per well, respectively, and the morphological features of spheroids were observed by light microscopy (Fig. 1) . When seeded and A549 (C and D) cells were cultured to 80% confluence and seeded into 1.2% agarose-coated 96-well plates at a density of 400 cells and 4,000 cells per well, respectively, and cultured for up to 9 days. To determine the MTS growth, diameters of 5 spheroids were measured every day.
in these non-adhesive conditions, the cells aggregated and formed multicellular spheroids. MCF-7 formed a compact spherical shape of spheroids (Fig. 1) , whereas A549 cells generated slightly loose aggregates (data not shown). Such difference in compact MTS formation is likely due to their differential expression of surface adhesion molecules, such as E-cadherin or N-cadherin. We found that CuZnSOD and MnSOD suppress the growth of both MCF-7 and A549 MTS and after 9-day culture, the difference was marked (Fig. 1) . These results support a critical role(s) of ROS in tumour growth.
CuZnSOD and MnSOD inhibit metabolic stress-induced necrosis and HMGB1 release.
In solid tumours, ROS is produced by metabolic stress due to insufficient oxygen and glucose supply. As demonstrated previously (31, 32) , GD, one of metabolic stress, could induce intracellular H 2 O 2 and O 2 -production in A549 cells (Fig. 2) . The source of ROS production appeared to be the mitochondria (Fig. 2) . Thus, we investigated the effects of CuZnSOD and MnSOD on GD-induced ROS production. As shown in Fig. 2 , CuZnSOD and MnSOD overexpression prevented production of mitochondrial ROS and intracellular O 2 -in response to GD, but not intracellular H 2 O 2 . CuZnSOD and MnSOD are known to scavenge O 2 -but to promote H 2 O 2 formation. Then, we examined the effects of CuZnSOD and MnSOD overexpression on GD-induced necrosis. Necrotic and apoptotic cell death were determined by HO/PI double staining methods. In HO/PI double staining method, DNAbinding dye HO is known to cross the plasma membrane of all cells, whether they are damaged or not, causing a blue fluorescence of their nuclei, while PI only penetrates cells with damaged membranes and leads to nuclear fluorescence. Thus, intact blue nuclei, condensed/fragmented blue nuclei, condensed/fragmented pink nuclei, and intact pink nuclei were considered viable, early apoptotic, late apoptotic (secondary necrotic), and necrotic cells, respectively. GD increased the population of the cells that had intact pink nuclei (HO/PI staining, Fig. 3A and D) . CuZnSOD (Fig. 3A and B) and MnSOD ( Fig. 3D and E) overexpression significantly reduced the population of PI-positive cells. GDinduced HMGB1 release was also suppressed by overexpression of CuZnSOD and MnSOD (Fig. 3C and F) , indicating that CuZnSOD and MnSOD exert the anti-necrotic acivity to prevent HMGB1 release possibly by their ability to scavenge ROS. Previously, we showed that NAC (a general anti-oxidant) and catalase (a specific antioxidant for H 2 O 2 ) prevent necrotic cell death and switched the cell death mode to apoptosis (31) . However, overexpression of CuZnSOD and MnSOD blocked GD-induced necrotic cell death but did not switch the cell death mode to apoptosis. Similarly, tiron (a scavenger of O 2 -) was shown to block GD-induced necrotic cell death without switching the cell death mode to apoptosis (31) . SOD over-expression may lead to changes in the superoxide/hydrogen peroxide balance. Since SOD and tiron are known to scavenge O 2 -but to promote H 2 O 2 formation, O 2 -seems to act as a major ROS to induced necrotic cell death and excess H 2 O 2 may prevent the molecular mechanism underlying apoptotic cell death. Recently, H 2 O 2 , has been shown to be essential for autophagosome formation and autophagic degradation under starvation conditions and the cysteine protease HsAtg4 is a direct target for oxidation by H 2 O 2 (35) . Thus, we examined the possibility whether CuZnSOD and MnSOD overexpression may switch metabolic stress-induced necrosis to autophagy. The formation of autophagic vacuoles was assessed by staining with MDC, which accumulates in acidic cell compartments enriched in lipids and leads to a punctate staining pattern when autophagy is stimulated. As shown in Fig. 3G , CuZnSOD and MnSOD overexpressing cells showed apparent accumulation of MDC in the cytoplasmic vacuoles when exposed to GD, indicating that increases in H 2 O 2 levels in response to CuZnSOD and MnSOD may switch the metabolic stress-induced necrosis to autophagy.
CuZnSOD and MnSOD repress the occurrence of necrosis during MTS culture. As observed within tumours, continued spheroid growth leads to the formation of necrotic core due to microenvironmental stresses including deprivation of oxygen and nutrients. Necrotic cell death was observed at day 8 in MCF-7 MTS culture and at day 7 in A549 MTS culture. We examined the effects of CuZnSOD and MnSOD and MnSOD (D and E) overexpressing A549 cells were cultured in normal growth medium or GD medium for 12 and 18 h and then stained with HO/PI and observed with fluorescence microscopy (low panel) and apoptotic and necrotic cells were scored (upper panel). Results (500-800 cells in each group) are expressed as the means ± SEM from three independent experiments. * Necrotizing cells. CuZnSOD (C) and MnSOD (E) overexpressing A549 cells were treated with GD medium for 12 h and both the cell medium (supernatants) and the cells (pellets) were prepared as described in Materials and methods and analyzed by Western blotting with antibody to HMGB1 and ERK1/2. (G) CuZnSOD and MnSOD prevent necrosis and switched the cell death mode to autophagy. CuZnSOD-and MnSOD-overexpressing A549 cells were cultured in normal growth medium or GD medium for 6 h and stainined with MDC.
on the necrotic cell death observed in MTS. We found that overexpression of CuZnSOD and MnSOD supresses the occurrence of necrotic cell death in MTS (Fig. 4) . A prominent anti-necrotic activity of CuZnSOD and MnSOD was observed at day 8 in MCF-7 MTS culture and at day 7 in A549 MTS culture, while it was less at day 9 in MCF-7 and A549 MTS culture. Thus, CuZnSOD and MnSOD overexpression appeared to significantly retard the occurrence of necrotic cell death in MTS.
CuZnSOD and MnSOD expression in solid tumours. We examined CuZnSOD and MnSOD expression in solid tumours including lung pulmonary adenocarcinoma, metastatic colonic carcinoma in liver, and metastatic lung pulmonary adenocarcinoma in skin by immunohistochemistry. In lung pulmonary adenocarcinoma, CuZnSOD and MnSOD expression was detected in the para-necrotic region that was identified by the expression of a hypoxic marker CA IX (Fig. 5) . Similar results were obtained in metastatic colonic carcinoma in liver and metastatic lung pulmonary adenocarcinoma in skin (data nort shown), supporting the anti-necrotic activity of CuZnSOD and MnSOD. Active form of ERK that has been shown to exert an anti-necrotic activity (31) also colocalized with CA IX and SOD (Fig. 5) . Although the levels of MnSOD and CuZnSOD has been reported to be low in tumour tissues when compared with normal tissues (6,7), an increased MnSOD expression or activity was also reported in invasive cancers including gastric, brain astrocytic and colorectal carcinomas compared to non-malignant tissue that are associated with either metastasis, invasiveness or poor prognosis (36) (37) (38) (39) (40) (41) . Here, we report that CuZnSOD and MnSOD expression was detected in the para-necrotic region in solid tumours. CA IX is a hypoxia-induced enzyme that has many biologically important functions, including its role in cell adhesion and invasion and its expression is known to be significantly higher in MnSOD-positive tumours (42) . The reason for MnSOD and CuznSOD expression in the paranecrotic region is unclear. Although necrosis is known to exhibit the tumour promoting and angiogenic activities by releasing HMGB1, excessive necrosis and inflammation can lead to tumour cytotoxicity and regression through high level infiltration of monocytes and/or neutrophil. Thus, MnSOD and CuZnSOD expression in the para-necrotic region may suppress the development of excessive inflammation that could prevent tumour progression. MnSOD and CuZnSOD have been reported as tumour suppressors in many cancer cell lines (5-7). Our results suggest that the ability of MnSOD and CuZnSOD to suppress metabolic stress-induced necrosis and HMGB1 release may contribute to their tumour suppressive activities, thereby preventing malignant and aggressive tumour progression.
